INTRODUCTION
The recent developments have shown the advantages of the thermographic technique for the detection of corrosion and disbonds in aircraft structures [I-3] . These have typically involved the application of heat with an infrared source and imaging the induced temperature change with an infrared imager. This offers a rapid method for detec ting corrosion and quantifying its extent in single layer structures. In these application, the heating and imaging components of the system remain stationary during the measurement cycle. Two disadvantages of this technique are the expense of the infrared imager and the large power requirement for the infrared heater. This paper examines an alternate method for thermographicly obtaining the same data. It is patterned after a technique described by Maldague [4] where a sample moves at a constant velocity pass a fixed linear heat source and is observed by an infrared imager. Maldague demonstrates that the method is effective for the detection of disbonding in laminated samples. A distinct advantage over typical thermographic techniques is that the infrared heater is held close to the object of interest, enabling more efficient coupling of the energy into the specimen. An addition al advantage is that the imager can be replaced by a linear array detector, significantly reducing the cost of the system. Presented here are results from an alternate implementation of this system where the specimen is stationary and the line heat source and infrared imager are translated together at a constant velocity. From the output of the infrared imager, an image is reconstructed which represents the induced temperature changes at a fix distance behind the line heat source. This configuration enables very high inspection rates. This paper will present results of laboratory measurements on specimens with fabricate thinning to simulate material loss due to corrosion. A theoretical basis for relating the amount of thinning to induced temperature change is also presented.
EXPERIMENTAL TECHNIQUE
The current implementation of the scanned line source and imager is shown in Figure 1 . The infrared imager is a commercial infrared (IR) radiometer with a cooled 256 x 256 element InSb (Indium -Antimonide) focal plane array detector. The radiometer's noise equivalent temperature difference (NEDT), cited by the manufacturer, is 0.025°C when operating the detector in the 3 to 5 micrometer wavelength range. The imaging radiometer produces images at both 30 frames per second output (video frame rate, in an RS170, format compatible with standard video equipment) and 60 frames per second output in a l2-bit, RS422 digital format. External optics, consisting of a wide-angle lens, using germanium optical elements, that was used to increase the system field-ofview by a factor of approximately two. This lens has a field-of-view of 22° in both the horizontal and vertical directions.
An approximate line of heat is obtained by focusing a 1000 watt quartz lamp with an elliptical reflector behind the quartz tube. The heat source and the IR imager are attached to a commercial linear scanning bridge. Quantitative time based analysis requires synchronization between the infrared imager, the heat source and the scanning table. This synchronization is achieved by computer control of the application of heat, motion of the scanning table and data acquisition. Scanning speeds can be varied by the computer to provide any rate up to 30.5 cm/sec. For all cases presented in this paper the maximum surface temperature change of the sample above ambient never exceeded lOoC.
For low emissivity surfaces, it is necessary to enhance the emissivity by coating the surface. Paint is typically a good emissivity coating, therefore if the specimen is painted, regardless of color, no additional surface coating is necessary. Samples, which are normally unpainted, require the addition of an emissivity enhancing coating. For the results presented here, the samples are treated with either a water washable, nontoxic paint, or a flat black aerosol lacquer to enhance the emissivity .
The digital data from the radiometer is acquired and stored at twice video frame rates in a real-time image processor board in the control computer. The image processor board has 16 megabytes of image memory available for storage and is capable of real-time floating point processing of the incoming data. The imaging camera moves with the heat source, enabling data acquisition at a fixed distance from the source. From a set of acquired images, a single image is reconstructed which represents the induced temperature change at a given distance from the heat source. The reconstructed images are typically 256 pixels high and up to 1200 pixels wide (depending on the physical length of the sample scanned and the speed of the scanner). This reconstruction is currently done in real-time by the image processor. All of the data presented in the remainder of the paper (unless otherwise noted) were reconstructed in this manner.
STEADY STATE ANALYTICAL SOLUTION FOR MOVING LINEAR HEAT SOURCE
The temperature distribution in a semi-infinite media with an infinitely long line source moving along the surface from time equal to -00 to t is given by [5] q -v{x-vt)! r v«x-vt)2 + z 21
where v is the velocity of the moving line source, K and K are the thermal conductivity and diffusivity respectively and q is the rate of heat emitted by the line source per unit length. From this expression, temperature at the heated surface of a layer of thickness L is found to be
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In the frame of reference moving with, and centered on the heat source, the temperature at the surface is given by ( r 
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At higher velocities (2vLlK > 1), the condition where the summation is zero is approximated when the distance behind the line source is equal to the thickness of the plate. When this occurs, the temperature in the far field behind the source is q/(Lvpc) and inversely proportional to the thickness of the layer. Figure 2 shows the spatial dependence of the temperature for several different values of LV/K. As can be seen from Figure 2 , the temperature rapidly approaches q/(Lvpc) in the region behind the heat source.
NUMERICAL SOLUTION OF TRANSIENT TEMPERATURE PROFILE FOLLOWING APPLICATION OF LINEAR HEAT SOURCE
For a thin layer of high diffusivity material, when the heat source has been on long enough to approximate having been on from _00 to the present, the temperature rapidly falls to a constant value behind the heat source. This is typically a more limiting constraint, than the constraint imposed by equation (5) . An accurate approximation of this induced temperature change at distances 3 L or further from the source is given by
---;:::---dp Figure 2 . Analytical solution for induced temperature change around moving linear line source.
x» xoresulting in a limit of q/Lvpc. Typical profiles for the induced temperature change following the linear heat source being turned on at x = 0 are shown in Figure 3 . As expected, when the distance from the source increases, the distance the source must travel before the induced temperature change becomes constant increases.
The distance required for the temperature to achieve a constant value is also significant when considering variations in the thickness of the plate. A reasonable approximation for small changes in the plate's thickness is modulating the amplitude of the flux of the thermal line source by the inverse of the thickness of the plate. Using Equation 6, it is easy to find the response for a plate when the source is turned on and off for three periods. The results are shown in Figure 4 . These results indicate that as the distance between the source and observation point increases, the resolution for detection of variations in thickness decreases. Velocity in Figure 4 contributes to both XoV/K and XV/K. Independent calculations indicate that as the velocity increases, the spatial resolution improves for a fixed distance between the observation point and the source.
EXPERIMENTAL MEASUREMENTS OF SPATIAL RESOLUTION SPECIMENS
To investigate the relationship between the velocity of the moving system and the separation between the observation point and the heat source, samples were created with multiple regions of material loss. Figure 5 shows a schematic of one of these samples. Each sample is 91.4 cm long, 30.5 cm. wide and 0.30 cm. in thickness. Steel was chosen as the material for these samples to allow the effects of variations in speed to be investigated over the reasonably small velocity range of the scanning table. Data was collected for speeds ranging from 2.54 cm/sec to 12.7 cm/sec and for separation distances between the observation point and the heat source ranging from 1.9 cm. to 19 crn. It is to be noted that the minimum separation distance of 1.9 cm. is a physical constraint dependent upon the current heat source and the field-of-view of the IR imager. 
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1 Figure 5 . Spatial resolution specimen for thermal line scanner Figure 6 shows two images at two different speeds, 2.54 cmls and 10.1 cmls both with a fixed separation distance of 1.9 cm.. As the speed of the moving line increases the images become sharper due to a reduction in inplane diffusion between when the heat is applied and when the data is collected. Figure 7 shows a single line of data across a portion of the sample for three different speeds. These measurements are qualitatively in good agreement with the results of the previous section. It is notable that for all speeds, the amplitude of the modulation is inversely proportional to the thickness change. For lower velocity measurements however it is not possible to differentiate small deep slots from larger thinner slots with measurements at a single observation point. Based on this data, a speed of 10.1 cmls is required for accurate measurements of the thickness of slot 1.27 cm wide in this specimen .
A similar effect can be observed when keeping the speed constant and varying the separation distance between the line of heat and the observation point. Figure 8 shows two images taken at the same speed (5.0 cmls) but at two different separation distances, 2.1 cm and 14 cm. As the separation distance is increased the images begin to blur due to diffusion effects. Figure 9 shows a single line of data across a portion of the sample for three different separation distances. These plots again indicate good qualitative agreement with the theoretical results of the previous section. These results show that if the separation distance becomes too great, quantitative information is lost and the effects of diffusion again dominate. These results also indicate the potential for using this technique for diffusivity measurements. 
Figure 9 --Three single lines of data at three separation distances showing the relationship between distance behind the line of heat and diffusion effects for a steel resolution sample.
CONCLUSIONS AND FUTURE DIRECTIONS
A noncontacting thermal NDE technique has been developed which employs a moving line heat source and is capable of imaging defects in thin aluminum structures such as aircraft lap joints. This technique has been shown to effectively detect thinning in thin steel laboratory samples designed to determine the spatial resolution of the system. A steady state solution for the induced thermal change in the plate is presented. When the steady state condition is achieved, the induced temperature change is inversely proportional to the thickness of the material at an observation point more than one thickness of the plate behind the linear source. A more critical constraint on thickness measurement with this technique is the time or distance required to achieve the steady state condition. The experimental results are in good agreement with theoretical results and indicate the difficulty of mapping the thickness of a plate with measurements using a single observation point.
In the future additional analysis methods which take advantage of the data acquired at multiple observation points should significantly improve the results and allow for quantitative analysis of the material loss and diffusivity. One such analysis method could involve reconstructing a series of images from the data acquired, each image at different distance from the heat source. These images could then be treated as a time series and variations in the heat propagation rates could be explored by such analysis methods as time derivatives. for example. Further, for this technique to be applied in a practical manner additional work will be done on field implementation. This could potentially be accomplished by a linear robotic scanner which could efficiently transport the heat source and imager over large areas of an aircraft.
